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SUMMARY

An NACA 65;-212 airfoll of 8-foot chord was provided with a gas-
heated leading edge for investigatlions of cyclical de-lclng. De-lcing
was accomplished with intermittent heating of airfoll segments that
supplied hot ges to chordwlse passages 1n & double-skin construction.
Ice removal was Ffacllitsted by a spanwise leading-edge parting strip
which was continuously heated from the gas-supply duct.

Preliminary results demonstrate that satlisfactory cyclical lce

removal occurs with ratios of cycle time to heat-on period (cycle ratio)
- from 10 to 26.. For minimum runback, efficient ice removal, and minimum
total heat input, short heat-on periods of about 15 seconds with heat-off
perlods of 260 seconds gave the best results. In the range of conditlons
investigated, the prime variables in the determination of the required
heat input for cyclical ice removeal were the air temperature and the
cycle ratio; heat-off period, liquid water content, alrspeed, and angle
of attack had only secondary effects on heat ilnput rate.

INTRODUCTION

_ The protection of wings and tall surfaces for hlgh-speed, high-
altitude turbojet-powered alrcraft by local heating of the areas subject
to icing mey be accomplished by elther continuous heating or cyclical
de-icing. 1In continuous heating, the surfaces are either raised to a
temperature Jjust sufficient to maintain the lmpinging water in a liquid
state or are supplied sufficient heat to evaporate all the impinging
weter in a specified distance behind the impingement area. Past NACA
research has provided basic criteria for use in the design of continuous
heating systems (references 1 and 2); however, the exact type of con-
tinuous heating for an airplane component depends on a complexity of
parameters and is more fully discussed in reference 3. Deslgn analysis
» in reference 3 has shown that the heat requirements and associated air-
plane performance penzlties for high-speed, high-altitude transport
aircraft using continuous heating for icing protection are extremely
large and in some cases may be prohibitive.
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Another method by which icing protection for airfoil shapes can be
accomplished is by cyclical de-icing in which some ice is permitted to .
form on the surfaces and then is removed periodically during short,
intensive applications of heat. A water fllm between the surface and
the lce is caused by the heat application and permits removal of the
lce by aerodynamic forces. Because the heating 1s intermittent, heat is
supplied successively to relatively small surface areas; a constant heat
load 1s thus maintalned on a heat source. The total heat input for
cyclical de-icing, therefore, can be greatly reduced from that required
for continuous heating.
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Because ice formstions normally extend over the leading edge and

onto both upper and lower surfaces, removal by aercdynamic forces is o
slow and erratic even though sufficlent heat has been applied to form a .
water £ilm beneath the ice. The need for a. continuously heated parting :
strip near the leading edge of airfoils is indicated in reference 4 and
unpublished NACA data. When an lce-free strip is maintained spanwise -
along the leading edge, the ice formation is divided into two scrments,
one each on the upper and lower surfaces of the airfoil, and removel by
ierodynamlc forces is facllitated.

Previous investigations of cyclical de-icing including analytical
studies (references 4 to 9) have been restricted to the use of electriec
power as a heat source. An electrilcal system, however, has the inherent
dlsadvantages of large system welght, susceptibility to faillure by dam-~
age to the heating cilrcuits, high cost in maintenance, and fire hazard
when the system fails because of the heater burn-out. In addition,
reference 3 indicates that for a high-speed, high-altitude turbojet-
powered airplane the most economical lcing protection system with
respect to installed weight consists of a system utilizing hot gas from
a convenient heat source, namely, the turbojet-engine compressor. If
the large heating requirements assoclated with continuous hot-gas
heating (reference 3) can be reduced by use of a hot-gas cyclical de-
icing system while the low installed weight is mainteined, the alrplane
performance penalties could be decreased from those i1ncurred with the
continuous heating system. A hot-gas cyclical de-icing system has the
further asdvantages of integral design with the alrcraft structure, low
maintenance costs, and elimination of a possible source of alrcraft
fires.

The NACA Lewis laboratory is currently engaged in an Investigation
to evaluste the possibilities of the use of a hot-gas cyclical de-icing
system for alrfoils. The studles are being conducted to determine the
requirements for hot-gas cyclical de-icing in terms of the heating and .
cycle timing necessary for successful operation of such a system and .
also ta obtain the relation between heating requirements, meteorologilcal o
conditions, and ailrcraft operating conditions.

ay
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‘The preliminary results presented herein were obtained from an
investigation at the NACA Lewis laboratory of an 8-foot chord NACA
6571-212 airfoll model employing a hot-gas cyclical de-icing system. A
continuously gas-heated parting strip near the stegnation region is
Incorporated in the design of the system to facilitate ice removal. The
remainder of the airfoll leading edge is intermittently heated by gas
flow through chordwlse passages in a double-skin constructlon similsar
to that utilized for continuocus gas-heating.

The airfoll model was investigated over the following range of
icing and operating conditions: : '

Angle of attack, d8Z « o « « « « o ¢ « o« o « o ¢« o o ¢ o o » 2 to 8
Alrspeed, mph , ., . e o o o e« s s s a s s s s+ & s & » 180 and 280
Liquid-watercontent,gm5... G« s e o s s e s s s s s e s 0.3%t0 1.2
Datum alr temperature, « 4 s e 6 e o u e -11 to 20
Gas inlet temperature, F . « ¢ 4« v 4 4 s 4 e 4 o o o o .« . 200 to 510

DESIGN CONSIDERATIONS FOR HOT-GAS CYCLICAL DE-ICING SYSTEM

Analysis of the problems assoclated with the design of a hot-gas
cyclical de-icing system for airfolls indicates that the following
criteria should be considered:

l. The surface area to be de-iced should be divided into a number
of segments such that the total number of segments heated in sequence
will equal the cycle ratio (total cycle. time divided by heat-on period).
In this manner, a constant hest load will be maintained.

2. The gas supply duct should be maintained at an elevated tempers-
ture level to avoid undue thermal lag in the system.

3. A continuously hested perting strip should be provided near the
leading edge in order to obtain consistent and rapld ice removel during
cyclical de-icing.

»

4. In order to insure good lce removal and prevent ice-bridging
between the various intermittently heated segments, chordwise parting
strips may be desirable.

5. Insulation for the ges supply system may be desirasble to reduce
heat losses.
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DESCRIPTICN OF MODEL
General Festures

A unique solution to the preceding criteria is obtained by the hot-~
gas cyclical de-icing system shown in figure 1. The system consists of
the following principal features:

1. The gas supply system consists of a double-passage duct in which
high-temperature,- high-pressure gas will flow outboard in a forward
passage and return id a contiguous rearward passage. Throttling valves
are located in the rearwerd pessage at each of the sirfoll segments to
be intermittently heated. These valves are opened in spanwise sequence
and thereby permit a constant flow of gas through the forward passage.
The constant flow maintains the entire duct continuously heated; con-
sequently, thermsl lags in the system become negligible.

2. An ice-free spanwise parting strip near the airfoill leading edge
is heated by a conductive fin connecting the outer skin with the forward
passage of the gas supply duct. Because the gas supply duct is con-
tinuously heated, heat will be conducted through the fin to form a nar-
row, continuously heated parting strip. The width of the psrting strip
1s governed by the operstionsl and icing conditions; a narrow parting
strip of about 0.5 to 1.0 Inch is satisfactory for good lce removal and
for heat economy.

Other methods for attaining a parting strip are by electric heating
or by & hot-gas supply duct independent of the one supplylng the inter-
mittently heated segments. An electrically heated parting strip has all
the inherent disadvantages of an electrical system, while an independent
gas supply duct for the parting strip has weight disadvantages and may
incur considersble heet losses.

3. Chordwise lce-free parting strips are located between adjacent
intermittently heated alrfoll segments. The parting strips are con-
tinuously heated by the gas supply duct in a manner similar to that used
for the spanwlse parting strip. o

Detalls of Model and Apparatus

The model i1lnvestigated is an NACA 651—212 airfoll section of 8-foot
chord spanning the 6-foot vertical height of the Lewis lcing research
tunnel (fig. 2). The leading edge consisting of three spanwise segments
is gas-heated to 12 percent of chord. The center segment of the wing
is 3 feet in span and contalns most of the instrumentation while the top
and bottom segments are each 1.5 feet in span. All segments are capsble
of being heated independently for cyclical ice remcval.

2436
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The heat source used in this investigation consisted of high-
pressure heated air, the temperature of which was regulated by additions
of cold alr and the flow was regulated by a pressure-regulating valve.
The heated air was metered by a standasrd orifice installation in the '
supply line leading to the airfoil model.

The gas heating system within the airfoll leading edge had two
principal components: +the pressurized steady-state system, and the low-
pressure intermittent heating system used for cyeclic de-icing of the
surfaces of successive spanwlse segments. Specific component dimensions
ere summarized in table I.

Steady-state system. - The hot-gas supply duct consists of a rel-
atively small thick-wall double-passage aluminum duct (fig. 1). The duct
is mounted semirigidly inside the alrfoll leading edge and thus facili-
tates a spanwise movement when the hot-gas flow expands the duct. Along
the rearward passage are located throttling wvalves, one at the center of
each of the three intermittently heated airfoll segments. Because the
span of the airfoll is only 6 feet, the proper number of spanwise seg-
ments cannot be provided; hence, a fourth valve is provided at the exit
end of the return passage and, when open,- represents all the additionsl
segments used in an actual long-span wing. The supply duct 1s insulated
end isolated from all wing structure except where finning is attached to
provide heat for parting strips.

The gluminum fin used to conduct heat from the double-passage supply
duct to the stagnation region is designed to provide the required tem-
persture gradient necessary for adequete heat transfer. TIn the model
Investigated, the fin was approximately 3.5 inches long and 0.062 inches
thick. For convenience in model assembly and to account for thermal
expansion of the supply duct, the fin was made in two parts; proper con-
tact was insured by screws which held the two sections of the fin
together and maintained a sliding contact at the joint (fig. 1). -

The outer skin of the alrfoil is made of 0.025-inch-~thick aluminum
alloy in order to provide a high temperature gradient in the skin adja-
cent to the conductive fin; an ice-free parting strip of the desired
width is thereby obtained. Strength and rigidity of the leading edge is
provided by an inner skin of 0.040-inch-thick aluminum alloy corrugated
with a l-inch spanwise pitch, the corrugations of which provide chord-
wlse gas passages of 0.125-inch height. Chordwise parting strips at the
ends of the center segment are similar to those used for the spanwise
parting strip except that the fins do not have slip joints. Dimensions
of the chordwise parting-strip fins are given in teble T.

Instrumentetion in the steady-state system is as follows:

(1) Gas-temperature thermocouples in both passages of the supply
duct at 5 spanwise locations,
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(2) static pressure tubes adjacent to the gas temperature thermo-
couples in .the supply duct,

(3) Thermocouples at several locations along the supply duct to
determine metal wall temperatures,

(4) Thermocouples in pairs in the spanwise fin and in one get of
chordwlse fins to determine temperature gradients.

Intermittent heating system. - Entrances to the passages formed by
the outer skin and the corrugated inmer skin are located near the span-
wise parting strip on both top and bottom surfaces of the airfoil
(fig. 1). The passages extend to approximately 12 percent of chord.
After leaving the passages, the gas is permitted to exhaust through the
aft regions of the airfoil and to exit through a slot at the trailing
edge. Bulkheads at the ends of the center segment are insvliated +to
reduce spanwise heat losses during the heat-on period. Asbestos sheet-
ing, which is also used to insulate the corrugated inner skin in the
plenum chambers, allows the gas to exert the maximum heating near the
leading edge where the ice formations are largest. Solenoid-controlled,
compressed-air-actuated valves were used to operate the intermittently
heated sections, while electric timers were used to control the heating
and icing periods for each segment.

Instrumentation in the intermittent heating system was as follows:

(1) Gas temperature thermocouples in the plenum chanbers and inside
the chordwise gas passages at six chordwise and four spanwise points,

(2) surface temperature thermocouples at 21 points chordwise around
the center segment leading edge and at five other spanwise cross sections,

(3) Thermocouples to measure metal temperatures at various points
such as ribs, front spar, inner-skin corrugations, and beneath
insulation,

(4) Static pressure taps in the three plenum chambers and in the
airfoil afterbody. o
EXPERTMENTAL CONDITIONS AND TECHNIQUES

In the design of the present airfoil model, an operational and
icing condition wes selected as follows:

Datum ailr temperature, F i e e e e e el e e e e s s s s e s 0]
Airspeed, MPh . & ¢ ¢ o o ¢ o o 4 4 o o o 2 s s o « o o« o« o &« « o 280
Liquia-water content, gram/cu M . &4 4 « 4 « + s ¢ o ¢« o o s s o . 0.6

Airfoil a\n.gle Of attack, d.eg L - L . L] . . [} [} L] L] - Ll - . L2 - L] L] 5
Supply-duct inlet gas temperature, °F . . . . . . + . . e . .. . . 500
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These operational and icing factors were selected on the following
bases: the combination of liquid-water content and ailr temperature were
deemed to constitute an extremely severe ilcing condition (reference 3);
the airspeed selected is the maximum attainsble in the icing research
tunnel at a1l the angles of attack to be used in the investigation; the
angle of attack of 5°, together with the alrspeed, was chosen as being
representative of low cruise attitude for a turbojet-powered aircraft
and also to provide a relatively large area of droplet impingement on
the airfoil; finally, the gas temperature was selected to represent the
temperatures now being attained at turbojet-engine compressor outlets.

The de-icing performence of the airfoil also was evaluated over the
following range of off-design icing and operating conditions:

Datum 8ir temperature, “F v v v v v o ¢ o o o o o o 0 0 . . -11 to 20
Liquid water content, gram/cum =« « + « « ¢« « = « « « « . 0.3 to 1.2
Alrspeed, MPH « o o ¢ ¢« o ¢ « o o o ¢ o s s s « e« o« ¢« « + « 180 and 280
Supply duct inlet gas temperature, °F . . . .. 4 . . . . . 200 to 510
Angle of attack, deg . . o ¢ ¢« ¢ ¢ ¢« ¢ ¢« ¢ ¢ ¢« ¢ s s e« s« 2, 5, and 8
Heat-off period, MIn . ¢ « o o o o« o « ¢ o ¢ o o o « o o « 4 to 10

For convenience in evaluating the de-icing performance in off-design
condition, the greater part of the investigations were masde with the
following nominal conditions:

Datum air tempersture | Liquid water content | Air speed
(°F) (grem/cu m) (mph)
-10 0.6 280

o .6 180, 280
10 .6 280

20 .8 180, 280

The angle of attack was nominally set at 5° and the heat-off period
at 260 seconds.

Datum alr temperature was defined and determined as the surface
temperature of the unheated alirfoll in icing conditions. ILittle differ-
ence between total and detum sir temperature was found for the conditions
investigated.

The heat input rates necessary for consistent and rapid ice removal
from the airfoll were determined by progressively adjusting the heat-on
time for a given heat flow rate and icing condition until visual obser-
vation indicated satilsfactory operation of the systen.

Data recorded included: gas flows; gas‘temperatures in the span-
wise gas supply duct, in the plenum chambers, and in the chordwlse
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corrugated passages; surface temperatures in the airfoil skin; metal tem- ..
peratures 1n the spanwlse and chordwise continucusly heated fins, and in -
the leading-edge structure; and static pressures in the leading-edge -
regions. The icing conditions were determined from a. previous calibra-
tion of the tunnel.

Throughout the studies, photogrephs of the ice formations before L
and after heat applicatlion were taken to record the effectlveness of lce
removal and the magnitude of residual and runback ice formations.
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RESULTS AND DISCUSSIOR
System Performance at Design Condition

The over-sll performance of the system for the design condition was o
found to be satisfactory at a gas flow of 800 pounds per hour, a heat-on .
period of 15 seconds, and heat-off perlod of 260 seconde. Under these
conditions, the parting strip was approximately 0.75 inch wide after

258 seconds of ilcing (fig. 3(a)). The heavy ice formations at the lead-
ing edge were removed after 4 to 8 seconds of hesating. Ice removal
occurred first on the top surface whlle the ice on the lower surface shed
progressively aft from the parting strip. At the end of the heating
period (fig. 3(b)), no ice remained on the heated ares with the exception
of small deposits on the last 4 inches of the heated lower surface {9 to
13 in. aft of leasding edge). In this region, which is just rearward of
the plenum chamber partition, runback rivulets occaslonally froze and
remained for two or three cycles before the 1arger accretions were
renmoved. ' . : E—

r

Pertinent system operational datae obtalned for satisfactory per-
formance at the design condlition are as follows:

Cycle ratio (total cycle time dlvided by heat-on period) . . . . 18.3
Heat flow to center segment during heat-on period (gas flow times
specific heat times differential between plenum inlet and total
air temperature, Btu/hr . « « « « ¢ « o ¢« v o . .« .« .+ 89,000
Equivalent continuous heat flow to center segment (heat flow . o
divided by cycle ratio), Btu/hr . . . . e o « - . s« 4850 :
Egquivalent continuous heat per foot of span, Btu/hr e s e s s e 1615
Equivalent continuous heating per square inch of heated area,
watts . . . . . e de e 6 e &8 T e e WV 8 Tes & e e 146 T
Parting-strip surface temperature before heat-on, F « « ¢« o« « « 585 .
Parting-strip-fin temperature gradlent, °F/in. . « « « o o & « 61
Parting-strip-fin heat flow per foot of span, Btu/hr « e e s s 480 “

The gas tempersture and pressure distribution in the double-passage
supply duct are listed subsequently for various station numbers denoting
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the distance in inches from the model inboard end (floor of tunnel,
fig. 2). All the pressures are static pressure differentials above the
static pressure of 25.86 inches of mercury in the tunnel during the
center-segment heat-on operation.

Station | Gas temperature in duct |Pressure in duct
(°F) (in. Hg)

Front | Rear Front | Kear

6 508 462 16.3 | 10.3

18 5086 464 15.9 | 10.3
36 496 467 15.0 T.7
54 487 - 14.0 9.9
68 481 469 13.5 9.5

The static pressure in the center plenum chamber during ges flow was
6.8 inches of water. The values are of particular interest in the
design of flow passages for intermittently gas-heated airfolls.

The reduction in gas temperature along the forward passage of the
duct was rather uniform at 5.5° F per foot of span and the gas tempersa-
tures in the return passage remained essentially constant. A sizable
drop in temperature and pressure occurred at the 180° turn in the pas-
sage. The total ges temperature drop was approximately 7° F per foot
of span.

Cyclical De~Icing at Off-Design Conditions

De-icing performance criterion. - Marginal hesting requirements for
cyclical de-lelng under widely varying conditions are difficult to
establish with & uniform degree of accuracy. Conslderable leeway exlsts
in determining the required heatihg rates due to the transient factors
involved. Ice removal first occurs near the leading edge where the heat-
ing rate is greatest, and the remainder of the ice sheds progressively
from fore to aft as the surface temperature rises above freezing. When
the gas flow, gas temperature, or heating period is increased, the sur-
face locetion where the peak temperature reaches 32° F moves progressively
farther aft and water rumback refreezes behind this point. As an aid in
establishing a uniform degree of de-icing protection for various condi-
tions, therefore, the following visual criterion was adopted: ice
removael should be complete over the whole heated leading edge and top
surface; the lower surface should be lce-free to at least 9 percent of
chord; and during icing, the parting strip should remain ice-free to
facllitate ice removal by aerocdynemic forces. . .

Under some conditions runback on the lower surface refreezes at the
rear of the heated area and gradually builds up in size.  If this runback



10 ) NACA RM EB1J29

is allowed to freeze upon the heatable area, secondary ice shedding B
occurs '‘during subsequent heating cycles as the ice bileces grow and are - .
subject to larger aerodynamic forces. The series of photographs in fig-

ure 4 illustrates thls secondsry ice-removal action over a period of o
51 minutes, during which the heat-on period was 15 seconds and the heat- o
off. perlod epproximately 6 minutes. The residusl ice is shown in fig~ : T
ure 4(j) after the heat-on periocd was increased to 20 seconds for two
cycles. An example of the effect of a variation of heat-on period on
the de-icing performance is shown in figure 5, wherein the lower surface
is shown after 1 hour and 22 minutes of cyclic ice removal with a
20-second heat-on period followed by 33 minutes during which the heat-on
period was 15 seconds; the heat-off period was 6 minutes in each case.
Heavier residual ice was seen after the 15-second heat-on period,
although the location of the ice was essentially the same as that remain-
ing sfter the 20-second heat-on cycles.
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In the following sections are presented the effects of several icing
end operstionsl varisbles upon the airfoil cyclic heating requirements
based on the foregoing criterion.

Angle of attack. - Impingement characteristics and heating require-
ments of the airfoll were investigated over a range of angles of attack
from 2 to 8°. At an angle of attack of 2°, impingement on the unheated
eirfoil was confined to the leading-edge reglon. A heavy deposit of ice
was formed approximately 2 inches in total chordwise width with very
little icing on the lower surface aft of the parting strip (fig. 6(a)).
At an angle of attack of 89, heavy icing occurred toward the upper-
surface side of the parting strip for approximately 1 inch and on the
lower surface for approximately 3 inches, followed by an additionsl
3 inches of thin, irregular ice deposition. At an angle of attack of
59, the impingement approximsted the 8° deposition in general but was
confined more toward the leading-edge reglon (fig. 6(b)).

The ice-removal charascteristics also varied greatly with the air-
foil angle of attack. At low angles of attack the small emount of ice e
aft of the parting strip was usually removed before the heavy leading-
edge ice. At the high angles of attack the leading-edge and top-surface
ice was removed first, while the lower-surface lce shed progressively
from front to rear, partly by shedding and partly by melting and sliding
back along the surface. With large impingement rates (especiaslly at high
datum air temperatures) and at high angles of attack, the lower-surface
residual ice near the end of the heated area protruded into the air
stream sufficlently to be subject to direct impingement. This impinge-
ment on residual ice formations resulted in a spanwise line of irregular
ice pleces which shed sporadically. ~

Although the ilcing and ice-removal characteristics of the airfoil
varied with angle of attack, the heat requirements for good removal were
found to be essentially independent of angle of attack.
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The effect of the parting-strip location on removal characteristics
was not investigated; however, unpublished RACA data indicate that for
good ice removal the parting strip should be moved nearer the chordline
with decreasing angles of attack.

Liguid-water content and icing time. - The size of ice formations
before removal is determined by the Iliquid-water content and the icing
period together with the girspeed, alir temperature, angle of attack, and
droplet size. The avallsble data indicate that an increase in the
liquid-water content requires a small increase in the heat-on period as
shown in figure 7 for four conditions. A similsr increase in the heat-
on period occurs with an increase in the heat-off period (fig. 8). The
length of the icing period for cyclical de-icing cannot be determined
exactly because data are not availsble on the specific drag and alrplane
performance losses caused by lcing of alrfoills. Unless otherwise spec-
ifled, an icing or heat-off period of approximately 260 secconds was used
hereinafter for all de~icing conditions. The ice formetions so obtained
were considered to be of small detriment to aircraft performance. The
largest ice formations cbtained in the 260-second iecing perlod, which
occurred at a datum sir temperature of 20° F, an airspeed of 280 miles

' per hour, and a liquid-water content of 1.0 grem per cubic meter, were

approximately 0.6 inches in maximum thickness at the leading edge.

Gas-flow rate. - The varistion of required heat-on periocd is shown
in Pigure 9 as & function of gas flow far various operating and icing
conditions. A significant reduction in the heat-on period occurred with
en increase in the gas flow. For example, at an alrspeed of 180 miles
Per hour, a datum air temperature of 0° ¥, and a plenum-inlet-gas tem-
perature of 460° F, an increase in ges flow from 530 to 810 pounds per
hour reduced the heat-on period from 30 to 10 seconds. The heavy leading-
edge ice was removed in a fraction of the heat-on periods shown in fig-
ure 9, but the rear part of the lower surface took longer to de-ice, as
discussed previously. The gas tempersture at the rear end of the chord-
wlse passages remalned higher at high gas flows than at a low gas flow, and
lce removal over the heated area occurred at more nearly the same time.

Plenum-inlet-gas temperature. - The effect of plenum-inlet-gas tem-
perature on heat-on period 1s shown in figure 10 for several operating
and lcing conditions. Similar to the effect of gas flow, a marked
decrease in heat-on perilod -occurred with an increase in gas temperature,
although the reduction in heat-on period with gas temperature was not so
rapid percentagewise in the range investigated as with a change in gas
flow. .

Datum alr temperature. - The effect of datum air temperature on the
heat Flow required to de-ice the 3-foot span center segmemt of the model
is shown in figure 11 as a function of heat-on period for two ailrspeeds
and the range of gas temperatures and gas-flow rates investigated. The




1z NACA RM ES51J28

heating requirement for any specific heat-on period appears to be pri-
marily & function of datum alr tempersture; airspeed had only & second-
ary effect. For the same heat-on period the heat flow required at a
datum air temperature of 0° F was approximately double the heat regulre-
ment at 20° F. A decrease in the heat-on period increased the heat
requirement at any particular datum air temperature and airspeed , as
shown by the approximate doubling of the required heat flow during the
heat-on period when the period was decreased from 30 to 10 seconds.

Effect of alrspeed and cycle ratio. -~ The effect of airspeed on
the center-segment equivelent-continuous heat requirement is shown in
figure 12 as a function of datum air temperature for various cycle ratios.
A comparison of the heat requirement at a datum alr temperature of 0° F
and a cycle ratio of 20 indicates that gbout 13 percent less heat for
ice removal is required at 180 miles per hour than at 280 miles per hour.
At a datum air temperature of 20° F, however, approximately equal quan-
tities of heat for ice removal are required for the two airspeeds
studied. . . AP T

In figure 12 it 1is also shown that as the cycle ratio is increased,
the heat requlrements are decreased. 1In addition, the heat requirements
at a particular cycle ratio increase with a decresase in datum air
temperature. '

A convenient method of presenting the savings that may be achileved
by cyclical de-icing is 1llustrated in figure 13 in which the equivalent
continuous heating requirement is shown as a function of cycle ratio for
various airspeeds and datum air temperatures. In lieu of exact data
defining the heat requirements for a continuously heated airfoil, esti-
mates were made, from a few preliminsry studies of continuous heating of
the test alrfoil, which indicated heat requirements in the order of 12
to 14,000 Btu per hour would be required at a datum alr temperature of
20° F. These values, however, would not result in complete evaporation
of the impinging water within the confines of the heated area, and con-
siderable runback refreezing would occcur. The heat requlrements for
cyclical de-lclng are seen to decrease rapldly with an increase of cycle
ratio from 1 to 16 and then the curves become asymptotic to finite values
of heat input. In the selection of a cycle ratio for an airfoll, the
number of segments into which the airfoil can be divided snd the tolerance
of the airfoil to icing during the heat-off period must be considered as
well as the reduction in heat input. Therefore, no general statement can
be made as to which cycle ratlio is most desirable or economical.

Surface and Gas Temperatures during Cyclical De-Icing

Typical surface-temperature-rise curves as a function of +time are
shown in figure 14 for verious chordwise locations. An inflection occurs

2436



9e¥2

NACA RM E51J29 ' 13

at sbout 32° F in the temperature-rise curves during the heat-on period
when ice melting begins. This inflection, however, does not necessarily
indicate ice removal, because the entire surface under a given ice for-
mation does not reach 32° F simultaneously. Formation of ice on the
lower surface during the heat-off period is shown in figure 14(a) by a
flattening of the cooling .curve at about 32° F.

Because the gas cools as 1t proceeds through the chordwise passages,
the temperature-rise rate should decrease with increasing chordwise dis-~
tance. In addition, the point in time at which the surface temperature
reaches 32° F should increase with an increase in passage length. Ini-
tlal temperature-rise rates varled from about 23° F per second near the
leading edge to 6° F per second midway on the lower-surface heated area.

Typical variations of peak-temperature-rise values obtained durlng
heat-on periods are shown in figure 15 as a function of chordwlse sur-
face distance., In general, the shapes of the curves are similsr for all
operating and icing conditions noted on the figure. Increases in peak-
temperature-rise values occurring at about 9 percent of chord are attri-
buted to heat conduction to the skin from the spanwise partition in the
plenum chamber (see fig. 1). For a given gas flow, gas temperature, and
air speed, the variation in the level of the surface temperature
required for ice removal appears to be changed primsrily by the differ-
ences in datum tenperature; the higher datum temperatures, however,
required shorter heat-on periods. The peak-gas-temperature-rise values
in the chordwise gas passages are also shown in figure 15 as a functlon
of passage length. It 1s apparent that the peak temperatures decrease
rapidly with increasing chordwise distance, especlally on the upper
surface of the alrfoil. A comparison of the peak surface temperatures
as a function of change in gas temperature is shown in figure 16. A
decrease in gas temperasture is accompanled by an increase in the heat-
on period if all other varlables are maintained constent. Although
small local changes 1n peak temperature do occur, the curves, in gen-
eral, are similar in shape and temperature level.

The peak surface temperature risge as a function of chordwise surface
distance is shown in figure 17 at an airspeed of 180 miles per hour for
two values of heating rate. The temperature-rlise values associated with
& lZ2-second heat-on period and a hlgh gas flow are somewhat lower than
those obtained with a 25-second heat-on period and o low gas flow.

Parting Strip Requirements

Because the pasrting strips were continuously heated, they were con-
sldered separate from the cyclical lce-removal requirements. As mentioned
in the discussion of the deslign condition, the gas-temperature drop in the
front passage of the supply duct was relatively uniform, the temperature
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in the rear passage was essentially constant, and & slzesble decresse in
temperature occurred at the 180° turn in the supply duct. In lieu of a
complete analysis of the heat transfer and losses in the supply duct,
the drop in gas temperature from the duct-inlet station to the center-
segment valve will be_chargeable to the parting etrips for & span length
of 6 feet. The gas-temperature decrease in the supply duct is shown in
figure 18 as a function of gas flow and 1s expressed in terms of tenm-
perature drop per foot of span per 100° F differentlal between gas tem-
perature and datum alr temperature. Every condition and variable inves-
tigated is included 1n figure 18, which accounts for the considersble
scatter in data. The curve, however, is defined with falr accuracy and
within the limits investigated can be generally applied. TFor airfolls
wilth longer spans, the gas-temperature drop in the duct calculated on
this basis will be conservative, because the temperature loss in the
180° turn will be disproportionately megnified.

The lce-free width of the parting strip varied with the operating
and icing conditions. With increasing icing time, the ilce-free strip
became gradually narrower, but generally dild not bridge over because the
center of the strip at the fin base was much hotter than the edges.
Water flowed spanwise 1n the valley between the ice formations and was
blown out of the valley at several points to form glsze ice formations.
These lce formations bulld outward from the surface on both sides of the
perting strip and, 1n severe cases, bridge over. This ice bridging is
accentuated by the vertical mounting of the airfoil, which permits much
larger quantities of water to run a greater spanwlse distence in the
parting strip valley than would normally be encountered on an airplane
wing. In all cases where ice bridging of this nature occurred, no
adverse ‘effect on time required for ice removal was observed.

The width of the parting strip is also determined by the gas and
datum temperatures, and the airspeed. These factors determine the tem-
perature gradient in the airfoll skin in a direction away from the base’
of the fin. The change in width of the parting strip when the supply-
duct-inlet gasa temperature was changed from 350 to 500° F is shown in
figure 19 for otherwise similar conditioms. The width of parting strip
obtained with the higher gas temperature was greater than that required
for good ice removal. The surface temperasture at the parting strip dur-
ing icing ranged from 40 to_60° F, most of the data averaged sbout 500 F.

With the integral hot-gas system investigated, it was difficult to
confine the parting strip to a narrow region for datum air temperatures
near 20° F while the gas temperature was maintained high enough for
rapid ice removal under more severe conditions. Heating requirements for
the intermittently heated areas consequently were determined as the prime
conslderation, whereas the parting strip was permitted an increase in
chordwise extent commensurate with the heat input in the supply duct.
This practice resulted in a parting-strip width in the order of 1.5 to
3*inches at 20° F datum air temperature rather than the 0.5 to 1.0 inch
obtained at 0° F. ‘

b



9eve

NACA RM E51Jz29 15

In the range of conditions investigated, little effect of gas flow
rate on parting strip width was observed. All the gas flows were suffi-
ciently high to establish a large heat-transfer coefficient between the
gas and the supply-duct wall; consequently, chenges in the flow had only
a small effect on the temperature differential between the gas and the
duct wall, with the result that the amount of heat conducted by the fin
to the parting-strip area was relatively independent of gas flow.

With cycle ratios in the order of 10, the equivalent continuous
heat requirement for the Intermittently heated areas is considerably
greater than the heat required for the parting strip. With cycle ratios
in the order of 20, the two heat requirements approach equality. At the
higher cycle ratios, no apprecilable decresse in the combined heat
requirement can be expected unless a heat-off pericd greater than
260 seconds is used. . . '

The chordwise parting strips performed satisfactorily; however,
their chordwise extent (see table I) could be reduced, especially on the
lower surface. The chordwlse parting strips were useful near the lead-
ing edge when the ice formations were too thick to break readily during
ice removael. By a reduction in the chordwise extent of these parting
strips, the drop in supply-duct gas tempersture would be reduced and
more heat provided for cyclical de-icing. '

SUMMARY OF RESULTS

The preliminary results cbtained in an investigation of cyelical
de-icing with a gas-heated airfoil are summsrized as follows:

1. Satisfactory cyclicael de-icing of an 8-foot chord NACA 65, -212
series alrfoll was achieved with a hot-gas system over a range of cycle
ratios from 10 to 26 and utilizing a continuously gas-heated parting
strip. .

2. In the range of conditions investigated, the prime varisbles in
the determination of the required heat input for cyclic ice removal were
the datum alr temperature and the cycle ratio; heat-off period, liquid-
water content, airspeed, and angle of attack had only secondary effects
on heat reguirements.

3. For minimum runback, efficient ice removal, and minimum totel
heat input, short heat-on periods of about 15 seconds with heat-off
periods of spproximately 260 seconds gave the best results.

4. In generdl, the highest gas temperatures and flow rates usable
for a given operating and lcing condition resulted in the shortest heat-
on periods and the best ice removal.
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5. Representative date associated with good cyclical de-icing for
speciflic operating and lcing condition are summarized as follows:

a
Alrspeed, mPh « ¢ o ¢ s e ¢ o o o & o s o 4 s o s 0 s s e o s s 280
Datum alr temperature, s 0
Liquid-water content, gram/cu m .« ¢ ¢ « ¢« v 4 ¢ 4 b e e 0 0 0. e 0.6
Angle of atback, deg « o o« ¢ ¢ o o o o o 5 o o o s o o o4 o « o o S
Heat-on period, S€C . i ¢ ¢ ¢ o o o ¢ ¢ ¢ ¢ 0 T % s o s o o a 15

Heat-off period, se€C o« v ¢« ¢« ¢ o« ¢ o o o o o o 6 & ¢ 0 ¢ e o o » 260
Gas temperature at plenum chember inlet, ° ... .. e s s o e 467
Gas flow, 1b/hT & & ¢ o ¢ + o o o & 800
Spanwise temperature drop in supply duct caused by

Cycle vabio « o o o o o a o s o o 2 s o s s o & o o« o « o o o @

parting strip, OF/ft of BPEL & e ¢ v e Ve e e e 7

Equivelent continuous heat requirement for cycled areas,

BtU./hI‘ . . = e e @ & o . e o s e e o s *» o e @ » & e 8 & ¢ & 1615

Lewis Flight Propulsion Laboratory

National Advisory Committee for Aeronautics
Clevelsnd, Chio

REFERENCES

Jones, Alun R., and Rodert, Lewls A.: Development of Thermel Ice-
Prevention Equipment for the B-24D Airplane. "NACA ACR Feb. 1943,

Keel, Carr B., Jr., Bergrun, Normen R., Jukoff, David, snd Schlaff,
Bernard A.: The Calculation of the Heat Required for Wing Thermal
Ice Prevention in Specified Icing Conditions. NACA TN 1472, 1947.

Hacker, P. T., Dorsch, R. G., Gelder, T. F., Lewis, J. P., Chandler,
H. C., Jr., and Koutz, S. L.: Ice Protection for Turbojet Trans-
port Airplane. S.M.F. Fund Paper No. FF-l. Presented at I.A.S.
Fifth Annual Flight Propulsion Meeting, March 24, 1950.

Orr, J. L., Fraser, D., Lynch, J. A., and Rush, C. K.: Electro-
Thermal Methods of Protecting Aircraft agalinst Ice Formation. Rep.
No. MD-34, Nat. Res. Labs. (Ottawa), July 24, 1950.

lewis, James P.: De-Icing Effectiveness of External Electric Heaters
for Propeller Bledes. NACA TN 1520, 1948.

Lewls, James P., and Stevens, Howard C., Jr.: Icing and De-Icing of
a Provneller with Tnternal Blade Heaters. NACA TN 1691, 1948.

I



3U

NACA RM E51J29

7. Scherrer, Richard: An Analytical Investigation of Thermal-Electric
Means of Preventing Ice Formations on & Propeller Blade. NRACA

ACR 4H31, 1944.

8. Tribus, Myron: Intermittent Heating for Aircraft Ice Protection
with Application to Propellers and Jet Engines. Aircraft Gas
Turbine Divs., Gen. Elec. Co. (Lynn, Mass.), Sept. 1949.

9. Welner, Frederick: Further Remarks on Intermittent Heating for
Aireraft Ice Protection. Psper No. 51-SA-38, A.S.M.E. Semi-
Annusl Meeting (Toronto), June 11-14, 1951.

17



TABIE I - DIMENSIONS OF ATRFOIL MODEL

Ajrfoll, NACA series 651-212
spen, £t ' 6
chord, £t g8
maximm thickness, in. 11.5

Heated leading edge, extent, percent of chord 12

center segment span, ft 3

. inboard and outbosrd segments, span, £t 1.5
Double-skin construction, inner-skin thickness, in. 0.040
' ' outer-skin thickness, in. 0.025
immer-skin corrugations, pitch, in. " 1.0

inner-skin passages, height, in. 1 0.12

inner-skin passages, wldth, in. 0.70

Spanwise parting strip, lower-surface location, percent of chord 1.0
fin thickness, in. 0.062

fin lewgth, in 3.5

fin material, aluminum 280

Chord.wise parting strip, surface extent, top swrface, in. 3
bottom surface, in. . 6

fin thicknesses, top to bottom surfeces, in.

0.051,0.062,0.062,
0.051,0.040,0Q.025
1.7,1.5,1

fin lengths, top te bottom surfaces, in. ‘2.7,3.0,2.7, »1.5,1.3

Double-passage duct construction, center-line location, in. from nose 4.4

spanwlise length,_ft 5.8

material, aluminum 280

wall thicknegs, in. 0.094

crosg~sectional erea, front passage, sq in. 1.5

rear passage, sq In. 1.7

valve ports, sq in. 1.1

Plemum chembers, rear partition location, in. from nose B
Asbestos sheeting, thickness, in. 0.030 |
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Figure 1, - construction detalls of

gas-hested airfoll for cyelioal de-icing,.
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C-28406

Figure 2. - Installation of airfoil model in 6- by 9-foot test section of icing research
tummel.
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J.ce—free Da::"ﬁing strip
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(a) Before heat-on perilod.

il
R

idual and runback ice

" NACA
C-26823

(b} After heat-on perlod.

Figure 3. - Characteristic ice formations on airfoll leading edge for design operat:Lng and
icing conditions. Air speed, 280 miles per hour; datum air temperature, -4°"F; liquid-
water content, 0.6 gram per cublc meter; angle of attack, 5° ; gas flow, 794 pounds per
hour; supply—duct inlet gas temperature, 500° F; heat-on period, 15 seconds; heat-off
period, 260 seconds; total icing time, 30 minutes.
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C-28624

Icing time, approximately S5 minutes.

(b} Before heat-on period. (c) After 15-second heat-on period.
Icing time, apphpoximstely 1l minutes. . Icing time, approximately 1l minutes.

Figure 4, - Growth of runmback and residual ilce formations on the airfoil during cyclic
de-icing. Ailr epeed, 180 miles per hour; datum aj_.r____teinperatu.re, 20° F; ligquid-watex
content, 0.8 grem per cubic meter; emgle of attack, 5°; gas flow, 800 pounds per hour;
model-inlet gas temperaturs, 250° F; heat-off period, 6 minutes. '
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(8) Before heat-on period. (e) After 15-second heat-on period.
Icing time, approximately 18 minutes. Icing tlme, approximetely 18 minutes.
(£) Before heat-on psriod. (g) After 15-second heat-on period.
Icing time, approximately 24 minutesa. Icing time, epproximately 24 minutes.
C-28625

LS

Figure 4. - Contlinued. Growth of runmback and residual lce formations on the airfoil during

cyclic de-icing. Air speed, 180 miles per hour; datum slr temperature, 20° F; liquid-
water content, 0.8 gram per cublc meter; angle of attack, 5°; gss flow, 800 pounds per
bour; model-inlet gas temperature, 250° ¥; heat-off period, 6 minutes.
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{h) Befors heat-on period. (1) After l5-second heat-on period.
Icing time, approximately 38 minutes. __ ~ Icing time, approximately 38 minutes.

A
C-28626

(J) After 20-second heat-on period. Icing time, approximately 51 minutes. Heat-on
pericd changed to 20 secands efter 44 minutes of icing.

Figure 4. - Concluded. Growth of runback and residual ice formations on the alrfoil during
cyclic de-icing. Air speed, 180 miles per hour; datum air temperature, 20° ¥; liquid-
water content, 0.8 gram per.cubic meter; angle of attack, 5°; gas Tlow, 800 pounds per
hour; model-inlet gas temperature, 250° F; heat-off period, 6 minutes.
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Residusl 1ce

ks i :h;‘ll i

Residual ice

‘ NACA
c-28627

(b) Heat-on period, 15 seconds; totel lcing time, 1 hour and 55 minutes.

Figure 5. - Effect of heat-on time on residual ice formation. Air speed, 280 miles per
hour; datum.air temperature, o° F; liguid-water content, 0.6 grem per cubilc meter;
angle of attack, 59; gas flow, 800 pounds per hour; model-inlet-gas temperature,
500° ¥; heat-off period, 6 minutee.
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(&) Air speed, 180 miles per hour; datum sir temperature, o° F; sngle of attack, +2%;
1liquid waeter content, 0.8 gram per cubic meter; icing time, 6 minutes.

Q;:EEEEZFF . ¢ eaam

C-28628

IOt ik il 1,

(b) Air speed, 280 miles pe¥ hour; detum air temperature, +20° F; angle of attack, +5%; -
liquid water content, 0.8 gram per cubic meter; lcing time, 8 minutes. ’

Figure 6. - Ice formstions on unheated airfoil.’
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"AMr Datum air Plemm-inlet
speed tempera- ges tempera-
(mph) ture ture
(°F) (°F)
o 280 0 460
3 o 180 o] 460 =
¢ 180 20 235
A 280 =10 460
— :
2 - —
- / / /@
g — ]
g — ’,’;j§—>
g 4 L1 B
1 / ]
L 10 -
3 -
==} /
—7
(0] .2 .4 .6 .8 1.0 1.2
Liquid-weter content, grams/cu m
Figure 7. - Heat-on period as function of liquid-water content for several
operating conditions. Gas flow, 800 pounds per hour; heat-off period,
approximately 260 seconds.
| | 1 T I T
Air Daetum air Iiquid- Plemm-inlet
speed tempera- water ges tempera--
(mph) ture content ture
°F) (g/cum) (°F)
5 o 280 0 0,6 ° 460 1
g 180 20 .8 235
¢ 180 20 3 235
L~
Q
g 2 r/ 1 il
/ ;//
& =1
o foammran
/’>/
NACA
[
(o] 2 4 6 8 10 12

Heat-off perlod, min

Figure 8. - Veriastion of required hest-on period with heat-off period for
seversl operating conditions. Gas flow, 800 pounds per hour.
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Plenum-inlet Air Datum air
gas tempera~ speed tempera-

ture (mph) ture i
(°F) (°F)
o 460 280 o}
1200 o 460 180 0 1
<o 325 280 0
A 325 180 (0]
v 325 180 20 b
4 235 180 20
. \

//v

Gas flo:, 1b/hr
‘i//’/,
%

%4
/<>
/

60

NG
-
"~

n
\\\‘\~
K\
““nﬁnlir

2 40

40

R/

) 8 16 24
Hest-on period, sec

Figure 9. - Varlation of gas flow with heat-on period for
various air speeds, datum alr temperatures, and plenum-
inlet gas temperatures. Liquid-water content, nominalj;
heat-off period, epproximately 260 seconds.
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600 T — T
. Aiy Datum air
speed tempers-

. (mph) ture _
\ (°F)
\\ o 280 0
500 \\4* \\ o 280 20 —
< 180 o
\ & A 180 20
v 280 10 b
7 280 =10

-
]
//

A

/
/

Plenum-inlet gas temperature, OF

N\
200 . AN
N
N

|
lOOO 8 16 24 32 40

Heat-on period, sec

Figure 10. - Plenum-lnlet gas tempersture as function of heat-
on period for two air speeds and various datum air tempera-
tures. ILdiquid-water content, nominal; gas flow, 800 pounds
per hour; heat-off period, spproximetely 260 seconds.
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Center-segment heat flow, Btu/hr
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Hlea'l',-on| Air IElpeed.
period (mph)
Heat-on period, sec (sec) .
20 15 B o 10, 280
N Rl 4 10 o 12 280
N ° o 15 280
% \ a 18 280
d v 20 280
N \ v 25 280
\ v \ W 30 280
< > . d 10 180
) N g 12 180
L \ \ ¢ 15 180
A v 20 180 -
\ \ . 9\ ¥ 30 180
N AN
NN
D \\\
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\\N‘
S NACA \N
J -
-10° ) 10 - 30 40

-20

Detum alr temperature, °F

Flgure 11. - Variation of center-segment heat requirement with datum air

temperature for several heat-on periods and two alr speeds.

Liquid-~

water content, nominal; heat-off period, approximately 260 seconds.
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Center-segment equivalent-continuous heat requirement ’ Btu/hr

31

8305
Cylcle ratio
\Q
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(a) Air speed, 280 miles per hour.
63205 :
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- o~
\
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~20 \
NEK\R\E\o\\\
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%\\
N
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Datum ailr temperature, OF

(b) Air speed, 180 miles per hour.

Figure 12. - Equilvalent continuous heat requirement for center segment
Liquid-

as functlon of datum air temperature for several cycle ratios.

water content, nominal.
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requirement, Btu/hr
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Adr Datum air

speed tempera-

(mph) ture ]
(°F)

;
2

280 0
280 20 —
180 o]
180 20
280 10 —
280 -10

%
LI

/A
-/g/ //o/’

k ]/"l Searono

NACA,

0 4 8 12 16 20 24 28
Cycle ratio
Figure 13. - Variation of equivalent continuous heat requirement for center segment

with cycle ratio for two air speeds and several datum alr temperatures. Liquid-
water content, nominal; hest-off pericd, epproximately 260 seccnds.
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Figure 14. - Variation of surface temperature during cyclic de-icing. Air speed,
- 280 miles per hour; datum air temperature, -4° P; liquid-water content, 0.6 gram
per cublc meter; ges flow, 800 pounds per hour; plemumm-inlet gas temperature,
463° F; heat-on period, 15 seconds; heat-off period, 260 seconds.
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Figure 15. - Peak temperature rise during cyclic de-1icing for various heat-on periods and datum

air temperatures.
meter; gas flow, 800 pounds per
approximately 260 seconds. ~~ *

Air speed, 280 miles per hour; liquid-water ccntent, 0.6 gram per cubic
hour; plenum-inlet gas temperature, 460° F; heat-off period,
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Figure 16. - Pesk temperature rise obtained during cyclic de-lcing with two combinations of
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heat-on period and ges temperature. Air speed, 280 miles per hour; detum air temperature,

0° F; liquid-water content, 0.6 gram per cublc meter; gas flow, 80C pounda per hour.
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Figure 17. -~ Peak temperature rise during cyclic de-icing for two combinations of heat-on period T

and gas flow.

0.8 gram per cubic meter; heat-off period, approximately 260 seconds.

Alr speed, 180 miles per hour; datum air temperature, 18° F; liquid-water content,
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Gas temperature drop per foot of span per 100° F above datum
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Figure 18. - Gas-temperature drop in double duct as Punction of gas flow
and supply-duct-inlet gas temperature.
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(b) Supply-duct-inlet gas temperature, 500° F.
Figure 19. - Effect of gas temperature on width of parting strip. Air speed, 280 miles

per hour; datum air temperature, 10° F; liguid-water contemt, 0.6 gram per cuble
meter; angle of attack, 5°; gas flow, 800 pounds per hour; heat-off period, 260 seconds.
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